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IMPORTANCE 50
Coordination of substrate uptake and metabolism are a prerequisite for efficient co-utilization 51 of substrates, a trait typical for the Gram-positive C. glutamicum. Sucrose uptake via the PTS 52 permease EII Suc in this organism immediately was inhibited in response to intracellular 53 accumulation of the glycolysis intermediate glucose-6-phosphate. This inhibition depends 54 exclusively on the presence but not activity of the PTS permease EII Gluc . Thus, C. glutamicum 55 possesses a novel, immediate, and PTS-dependent way to control and coordinate both uptake 56 and metabolization of multiple substrates by monitoring of their metabolic levels in the cell. 57
This offers new insights and interesting concepts for a further rational engineering of this 58 industrially important production organism and exemplifies a putative general strategy of 59 bacteria for the coordination of sugar uptake and central metabolism. 60
INTRODUCTION 62
Maintenance of metabolic homeostasis is a crucial regulatory task within microorganisms. 63
Metabolite levels are directly linked to crucial cellular functions such as the control of cell 64 division (1) and the loss of control on internal metabolite levels often results in reduced 65 fitness or non-growth phenotypes (2). Control of metabolic pathways is exerted by a variety 66 of mechanisms on the levels of enzyme activity, transcription, translation, and 67 posttranslational modification (3) (4) (5) . In that complex regulatory network the control and 68
proper selection of substrate uptake plays a pivotal role (4, 6) . 69
The Gram-positive bacterium Corynebacterium glutamicum is widely known for its 70 application in the large-scale industrial production of amino acids (7, 8) . It can be cultivated 71 on a variety of single and combined carbon and energy sources (9) and efficiently metabolizes 72 most carbon sources in parallel, e.g. the sugars glucose, sucrose, fructose, and maltose (10). 73
With exception of maltose (11), these sugars are taken up and phosphorylated in C. 74 glutamicum via substrate specific EII permeases of the PEP: sugar phosphotransferase system 75 (PTS), of which the ptsG-encoded EII Glc and the ptsS-encoded EII Suc are required for glucose 76 and sucrose uptake, respectively (12) (Fig. 1) . Unlike many other bacteria, which show a 77 preference for one substrate above others, in C. glutamicum the individual uptake rates of 78 different substrates are well equilibrated to each other during co-utilization (10, 13) and 79 extracellular formation of products indicative for the occurrence of overflow metabolism is 80 not observed for this bacterium under optimal conditions (14). These adaptations require the 81 presence of efficient mechanisms for the coordination of carbohydrate metabolism in C. 82
glutamicum. 83
Glucose-6-phosphate (G6P), isomerized by the first step of glycolysis to fructose-6-phosphate 84 (F6P) by the phosphoglucoisomerase (Pgi) (Fig. 1) , is an early intermediate of catabolism. 85 G6P is also required for anabolic reactions such as synthesis of cell wall compounds (15) . 86
Nevertheless, at high intracellular levels G6P is toxic, impairing cell growth (16, 17) and 87 causing DNA damage (18) (19) (20) . Therefore, regulatory mechanisms for G6P homeostasis exist: 88
In E. coli the small RNA SgrS controls the metabolic stress response that occurs upon 89 accumulation of G6P in pgi-deficient strains when cultivated on glucose (21). SgrS binds to 90 ptsG transcripts for the glucose specific EIIBC permease of the PTS through Hfq-mediated 91 base pairing at the translation initiation region and thus inhibits ptsG translation (22) . 92
Moreover, recruitment of RNase E by the SgrS-Hfq ribonucleotide complex leads to fast 93 degradation of the ptsG mRNA (23). Similarly, SgrS inhibits also translation of manXYZ 94 mRNA thus blocking the production of the broad range PTS sugar transporter ManXYZ (24) , 95 which contributes to glucose uptake and phosphorylation (25) . In addition, SgrS encodes the 96 small peptide SgrT, which acts as an inhibitor to stop glucose uptake through preexisting 97 EIICB Glc (26, 27) . Besides limiting uptake of glucose and concomitant formation of G6P, 98
SgrS mediates also stabilization of the yigL mRNA (28). The latter encodes a phosphatase for 99 dephosphorylation of the accumulated G6P forming intracellular glucose (29), which is 100 probably exported via the sugar efflux pumps SetA and SetB (28, 30 
RESULTS

120
Presence of glucose inhibits sucrose utilization in C. glutamicum Δpgi. In E. coli 121 accumulation of G6P reduces the expression and activity of both uptake systems, which 122 contribute to intracellular formation of G6P -the glucose-specific EIIBC, encoded by ptsG, as 123 well as the broad range PTS-sugar transporter ManXYZ (24). C. glutamicum does not possess 124 a second PTS permease for glucose uptake (12), but G6P is also formed in the course of 125 sucrose metabolism. As characterized here, sucrose in this bacterium is exclusively taken up 126 via the sucrose-specific, ptsS-encoded EII Suc with a V max of 20.4 ± 0.6 nmol*(min*mg dw)
-1 127 and a K m of 3.8 ± 0.9 μM (Fig S1) . Thereby intracellular sucrose-6-phosphate is formed, 128 which is then hydrolysed by the sucrose-6-phosphate hydrolase ScrB to fructose and G6P (32) 129 (Fig. 1) . To study possible effects of intracellular G6P accumulation on ptsS transcription and 130
EII
Suc activity, the Pgi-deficient strain C. glutamicum Δpgi was cultivated in minimal medium 131 with 2% (w/v) sucrose as sole source of carbon and energy. In these cultivations absence of 132
Pgi did not negatively affect utilization of sucrose: Growth, ptsS-expression, and sucrose 133 uptake were nearly identical for C. glutamicum Δpgi and C. glutamicum WT (Fig. 2A) ; 134 sucrose uptake rates of 19.7 ± 1.8 nmol*(min*mg dw) -1 and 19.2 ± 0.9 nmol*(min*mg dw)
were determined for C. glutamicum WT and C. glutamicum Δpgi, respectively. In difference 136 to our expectations and unlike the situation for cultivation with glucose, intracellular G6P 137 concentrations were significantly increased in C. glutamicum Δpgi when compared to C. 138 glutamicum WT in cultivations with sucrose as sole substrate (Fig. S2) . 139
To investigate effects of internal G6P accumulation on sucrose uptake, we aimed to increase 140 the carbon flux towards G6P formation by cultivation of C. glutamicum Δpgi in minimal 141 medium with sucrose plus glucose. Indeed, cultivation of C. glutamicum Δpgi with sucrose 142 plus glucose resulted in significantly increased intracellular G6P concentrations when 143 compared to values obtained for C. glutamicum WT (Fig. S2) . C. glutamicum WT grew fast 144 with a rate of 0.42 ± 0.02 h -1 in medium with sucrose plus glucose and ptsS transcript amounts 145 as well as sucrose uptake activity (20.4 ± 2.8 nmol*(min*mg dw) -1 ) reached about the same 146 levels ( Fig. 2B) as determined for cells cultivated with sucrose as sole substrate ( Fig. 2A) . In 147 difference, growth of C. glutamicum Δpgi was significantly slowed down to a rate of 0.09 ± 148 0.01 h -1 and the culture did not exceed an OD 600 of 4 within 24 h of cultivation when 149 cultivated in minimal medium with sucrose plus glucose (Fig. 2B) To avoid further G6P accumulation upon sugar-P stress, E. coli reduces the amounts of ptsG 166 and manXYZ transcripts by increased transcript degradation rather than lower expression (21, 167 24). To investigate the mechanisms responsible for the reduced amount of ptsS transcript in 168 cells of C. glutamicum Δpgi in cultivations with sucrose plus glucose, we determined the 169 ptsS-promoter activity using the promoter test vector pET2-PR-ptsS. The vector pET2-PR-170 ptsS, carrying the cat gene under the control of the ptsS-promoter region, was transferred into 171 both C. glutamicum and C. glutamicum Δpgi. The presence of the plasmid did not change 172 growth of the resulting strains (data not shown). For C. glutamicum WT (pET2-PR-ptsS) a 173 high ptsS-promoter activity was determined for cultivations both on sucrose and on sucrose 174 plus glucose as carbon sources (Fig. 3A) . However, whereas the ptsS-promoter activity for C. 175 glutamicum Δpgi (pET2-PR-ptsS) cells cultivated on sucrose as sole carbon source was 176 similar to the values measured for the wild-type reporter strain, the ptsS-promoter activity of 177 the pgi-deficient cells cultivated with sucrose plus glucose was strongly diminished (Fig. 3A) . 178
These results correlated well with the ptsS-mRNA levels described above and show that in 179 presence of G6P derived from the added glucose inhibits ptsS-expression in C. glutamicum 180
Δpgi on the level of transcriptional initiation. 181
The repressor SugR controls transcription of ptsS and further genes coding for PTS 182 components in C. glutamicum (33, 34) . In the SugR-and Pgi-deficient strain C. glutamicum 183
ΔpgiΔsugR the presence of glucose during cultivation in minimal medium with sucrose did 184 not lead to reduced amounts of ptsS transcripts and lowered ptsS promoter activity (Fig. 3A,  185 Fig . S4 ). These results indicate that SugR-dependent transcriptional control might be 186 responsible for the observed phenotype of C. glutamicum Δpgi in cultivations with sucrose 187 plus glucose. However, growth and sucrose uptake of C. glutamicum ΔpgiΔsugR were slowed 188 down by the presence of glucose in the medium (Fig. S4) ; the growth rate decreased from a 189 0.40 ± 0.02 h -1 to 0.25 ± 0.03 h -1 and the sucrose uptake rate decreased from (2.7 ± 0. To analyze the interplay between the ptsS-repression and sucrose uptake inhibition after 198 glucose addition in C. glutamicum Δpgi, the dynamics of these two processes was studied in 199 pulse experiments. In detail, ptsS transcript amounts as well as sucrose transport rates were 200 determined for cells pre-cultivated with sucrose in regular intervals after the addition of 201 glucose to the culture broth. As expected for C. glutamicum WT, the ptsS transcript did not 202 decrease within 3 h after glucose addition (Fig. 3B ). In accordance, just a slow decrease of 203 sucrose uptake rates from initially 20.6 ± 1.4 nmol*(min*mg dw) -1 to 10.4 ± 0.9 204 nmol*(min*mg dw) -1 was observed for C. glutamicum WT within 21 min after glucose 205 addition (Fig. 3C ). In contrast, the sucrose uptake rate in C. glutamicum Δpgi was drastically 206 decreased in the samples taken already 1 min after glucose addition (Fig. 3D ). The initial rate 207 of 19.2 ± 0.9 nmol*(min*mg dw) -1 dropped to 4.4 ± 0.6 nmol*(min*mg dw) -1 and remained 208 low at rates of less than 3.5 nmol*(min*mg dw) -1 for the next 25 min of the experiment. 209
Unlike this observed rapid inhibition of sucrose uptake within 1 min, however, the decrease of 210 ptsS transcript in C. glutamicum Δpgi started only more than 30 min after glucose addition 211 (Fig. 3B) . Moreover, also for C. glutamicum ΔpgiΔsugR we observed a decreased sucrose 212 uptake rate already 1 min after glucose addition (Fig 3E) , even though no reduction of ptsS 213 transcript was detected after addition of glucose (Fig. 3B ). These surprising findings show 214 that the sucrose uptake inhibition occurs prior to reduction of the ptsS-mRNA due to the 215 action of SugR and indicates that the inhibition of ptsS transcription is not causative for the 216 fast inhibition of sucrose uptake. As expected, no reduction of sucrose uptake was observed 217 when no glucose was added to the culture broth or when glucose was added to the ptsG-218 deficient control-strain C. glutamicum ΔpgiΔptsG (Fig. S5 ). 219
For a more detailed analysis of the time course of sucrose uptake inhibition by glucose, 14 C-220 sucrose uptake experiments with C. glutamicum Δpgi cells were pulsed after 45 seconds with 221 unlabeled glucose. The addition of 2 mM glucose to sucrose cultivated C. glutamicum Δpgi 222 cells caused an immediate drop of the sucrose uptake rate from initially 19.2 ± 1.3 223 nmol*(min*mg dw) -1 to a rate of 4.5 ± 0.6 nmol*(min*mg dw) -1 (Fig. 4A ). Extrapolation of 224 the slopes of uptake rates before and after addition of glucose indicated a reaction time for the 225 inhibition of sucrose uptake of less than 1 sec. As in control experiments addition of water 226 instead of glucose did not lead to a decrease of the sucrose uptake rate, it can be ruled out that 227 the effect is due to dilution. In experiments with cells of the EII Glc deficient strain C. 228 glutamicum Δpgi ΔptsG the uptake of 14 C-sucrose was not affected by glucose addition (Fig.  229 4B). When 14 C-sucrose uptake was analyzed in pulse experiments with C. glutamicum WT a 230 much less pronounced, but significant drop of the transport rate from initially 19.1 ± 1.7 231 nmol*(min*mg dw) -1 to 13.8 ± 0.8 nmol*(min*mg dw) -1 was observed immediately after 232 glucose addition (Fig. 4C ). These results show that the inhibition of sucrose uptake observed 233 for C. glutamicum Δpgi and C. glutamicum WT is not caused by competitive inhibition of 234
Suc by extracellular glucose. The significantly stronger inhibition observed for the Pgi-235 deficient C. glutamicum Δpgi when compared to C. glutamicum WT indicates that a limited 236 capacity for G6P utilization probably is the reason for the observed fast and strong inhibition 237 of EII Suc . 238
The instant response of sucrose uptake inhibition observed for C. glutamicum Δpgi cells upon 239 addition of glucose makes the involvement of transcriptional and translational regulatory 240 processes unlikely. Indeed, the inhibition of sucrose uptake by glucose occurred to an 241 identical extent when C. glutamicum Δpgi cells were pretreated with transcriptional 242 (rifampicin) or translational (chloramphenicol) inhibitors (Fig. S6) , when compared to the 243 aforementioned experiments with non-treated cells (Fig. 4) . Hence, these results demonstrate 244 that the sucrose uptake inhibition in C. glutamicum Δpgi occurred within at least 15 sec after 245 glucose addition and thus far ahead of ptsS transcriptional repression which means that a 246 transcription and translation independent regulatory process is involved. C. glutamicum Δpgi when compared to C. glutamicum WT (Fig. S8 ), indicating that maltose 270 uptake via MusEFGK 2 I itself is subject to G6P accumulation dependent regulation. 271
To further evaluate the role of EII Glc for the control of EII Suc activity, we introduced UhpT 272 from E. coli as heterologous transporter in C. glutamicum. UhpT mediates uptake of G6P in 273 exchange for inorganic phosphate (36, 37). Heterologous expression of E. coli uhpT using the 274 plasmid pEKEx2-uhpT enabled growth of the resulting strains C. glutamicum (pEKEx2-uhpT) 275 and C. glutamicum Δpgi (pEKEx2-uhpT) with G6P as sole source of carbon and energy 276 (growth rates of 0.18 ± 0.04 h -1 and 0.19 ± 0.03 h -1 , respectively) ( Fig. S9A and S9B ). No 277 growth on G6P was observed for C. glutamicum WT (data not shown) and the empty-plasmid 278 control strains C. glutamicum (pEKEx2) and C. glutamicum Δpgi (pEKEx2) [Fig. S9A and 279 S9B] . For uptake of 14 C-labelled G6P in C. glutamicum (pEKEx2-uhpT) a K m of 215 ± 26 µM 280 and a V max of 15.2 ± 0.5 nmol * (min * mg dw) -1 were determined. A similar uptake rate of 281 17.4 ± 1.1 nmol * (min * mg dw) -1 and a K m of 150 ± 34 µM for G6P were determined for C. 282 glutamicum Δpgi (pEKEx2-uhpT) [ Fig. S9C ].
14 C-sucrose uptake experiments with pulses of 283 unlabelled G6P were performed to analyse inhibition of EII Suc . The addition of G6P to C. 284 glutamicum Δpgi (pEKEx2-uhpT) cells caused a rapid inhibition of sucrose uptake from 285 initially 19.5 ± 1.4 nmol * (min * mg dw) -1 to 4.8 ± 0.9 nmol * (min * mg dw) -1 (Fig. 6A) . 286
Also growth of C. glutamicum Δpgi (pEKEx2-uhpT) on sucrose was slowed down in presence 287 of G6P in the culture broth with growth rates of 0.42 ± 0.02 h -1 for cultivation on sucrose and 288 0.20 ± 0.02 h -1 on sucrose plus G6P (Fig. 6B) . Growth of C. glutamicum Δpgi (pEKEx2-289 uhpT) on sucrose plus G6P proceeds similar as growth with G6P as sole substrate [0.22 ± 0.02 290 h -1 ]. As expected, the presence of G6P had no effect on sucrose uptake or growth on sucrose 291 for the control strain C. glutamicum Δpgi (pEKEx2) for C. glutamicum Δpgi cells upon addition of glucose, maltose, or G6P might either originate 300 from the direct inhibition of EII Suc by intracellular G6P or might be due to a short regulatory 301 cascade directly involving a PTS component. To address that question we tested effects of 302 maltose addition on growth and sucrose uptake inhibition in the EII Glc -deficient strain C. 303 glutamicum ΔpgiΔptsG. Intriguingly, growth of C. glutamicum ΔpgiΔptsG in minimal 304 medium with sucrose was not slowed down by addition of maltose (Fig. 7A) , albeit the strain 305 intracellularly accumulated high levels of G6P (Fig. S7) . Moreover, no inhibition of 14 C-306 sucrose uptake was observed for C. glutamicum ΔpgiΔptsG upon addition of unlabelled 307 maltose in pulse experiments (Fig. 7B) . Upon ectopic expression of ptsG using plasmid 308 pBB1-ptsG, in pulse experiments the inhibition of 14 C-sucrose uptake by maltose addition was 309 restored with C. glutamicum ΔpgiΔptsG (pBB1-ptsG) to the same level as it was also 310 determined by glucose addition to this strain (Fig. S10) . As expected, no inhibition of 14 C 311 sucrose uptake by maltose addition was observed for the empty-plasmid control strain C. 312 glutamicum ΔpgiΔptsG (pBB1) (Fig. S10) . These results indicate that EII Glc is required for the 313 perception of G6P accumulation, which is required for the inhibition of EII Suc . 314
To further analyse the role of EII Glc for the rapid inhibition of sucrose uptake by intracellular 315 G6P accumulation, additional experiments were performed using the strain C. glutamicum 316 ΔpgiΔptsG (pEKEx2-uhpT). Neither did addition of unlabelled G6P affect sucrose uptake of 317 the EII Glc deficient strain (Fig. 7C ) nor was the growth of C. glutamicum ΔpgiΔptsG 318 (pEKEx2-uhpT) on sucrose negatively affected by the presence of G6P in the culture broth 319 (Fig. 7D) . Growth rates of 0.42 ± 0.02 h -1 and 0.38 ± 0.03 h -1 were determined for cultivations 320 of C. glutamicum Δpgi ΔptsG (pEKEx2-uhpT) on sucrose or sucrose plus G6P, respectively. 321
As a control, growth on G6P as sole substrate proceeded in C. glutamicum ΔpgiΔptsG 322 (pEKEx2-uhpT) with a similar rate of 0.17 ± 0.02 h -1 ) as described above for both C. 323 glutamicum (pEKEx2-uhpT) and C. glutamicum Δpgi (pEKEx2-uhpT). 324
In E. coli toxic, intracellular sugar-phosphates, when accumulated to toxic concentrations, are 325 dephosphorylated and then exported (28). Hence, if the accumulating G6P in C. glutamicum 326
Δpgi is intracellularly dephosphorylated, and if the resulting glucose is then exported from the 327 cell and eventually reimported by EII Glc , a futile cycle would arise leading to consumption of 328 PEP even if the G6P accumulation is not generated by the PTS. PEP consumption would then 329 limit the EII Suc activity albeit the import of the initial substrates itself, G6P via UhpT and 330 maltose via MusEFGK 2 I, does not lead to PEP consumption. In such a scenario, the EII Glc -331 deficient C. glutamicum Δpgi ΔptsG strains would also not be affected by intracellular G6P 332 accumulation as they will not consume PEP for glucose reimport. Based on this assumption 333 the EII Glc -deficient strains should at least transiently accumulate glucose in the supernatant 334 during cultivation in presence of G6P or maltose. No transient extracellular accumulation of 335 glucose was detected for C. glutamicum ΔpgiΔptsG and C. glutamicum ΔpgiΔptsG (pEKEx2-336 uhpT) in cultivations with maltose or G6P, respectively. As the reimport of labelled glucose is 337 impossible for the EII Glc -deficient strain, export of glucose would result in a decreased rate of 338 label incorporation in these cells. In the course of 14 C-G6P uptake assays no difference in 339 kinetics for the incorporation of label into cells of C. glutamicum Δpgi (pEKEx2-uhpT) and 340 C. glutamicum ΔpgiΔptsG (pEKEx2-uhpT) were observed and thus nearly identical G6P 341 uptake rates of 13.5 ± 2.1 nmol * (min * mg dw) -1 and 12.4 ± 0.8 nmol * (min * mg dw) Tight control of substrate uptake is a regulatory prerequisite for bacteria to achieve metabolite 353 homeostasis. Besides its function for uptake and concomitant phosphorylation of substrates 354 the PTS is often a major player in metabolite homeostasis by coordinating substrate uptake 355 when multiple carbon sources are available (3, 4). In detail, the uptake and concomitant 356 phosphorylation of a substrate directly alters the phosphorylation state of PTS components, 357 which than can trigger via protein-protein interaction diverse regulatory cascades supressing 358 the uptake of alternative substrates (6, 38). Here, the glucose-specific EII Glc permease of C. 359 glutamicum was shown to cause fast inhibition of the sucrose-specific EII Suc permease upon 360 intracellular accumulation of G6P. This fast inhibition of EII Suc by EII Glc occurred 361 independently of the presence of the substrate of EII Glc as well as of its activity. This control 362 mechanism therefore appears to adapt the activity of EII Suc to intracellular metabolite 363 concentrations and metabolic fluxes. This finding adds a novel aspect to the current 364 understanding of how the PTS activity is controlled, which is usually just regarded to depend 365 on PEP availability and thus coupled to glycolytic flux (39, 40). In C. glutamicum excess PEP 366 would be formed in the course of sucrose metabolization [ (Fig. 1) ]: For uptake and 367 phosphorylation of sucrose and consecutively formed fructose two PEP molecules are 368 required. However, four PEP molecules are formed from sucrose in the course of glycolysis 369 (9, 12). By using the non-PTS substrates Maltose and G6P, which both cause intracellular 370 formation of G6P without requiring PEP consumption for their uptake, we uncoupled 371 substrate uptake and accumulation of intracellular G6P from PEP consumption. Moreover, 372 presence of a futile cycle including dephosphorylation of G6P and reimport of the resulting 373 glucose by EII Glc and thus PEP consumption has been excluded. Therefore, we conclude that 374 G6P accumulation and not PEP-limitation is the primary inducer of the rapid sucrose uptake 375 inhibition in C. glutamicum Δpgi. Studies with E. coli mutant strains lacking glycolytic 376 enzymes like phosphofructokinase A, phosphoglycerate kinase, glyceraldehyde-3-P 377 dehydrogenase, or enolase cultivated with glucose also showed that the concentration of 378 intermediates upstream of the missing enzyme were increased but the concentration of 379 intermediates downstream of that point, including PEP, remained unchanged when compared 380 to the wild-type (41, 42). Accumulation of G6P and F6P were shown to trigger the SgrS-381 dependent degradation of ptsG in E. coli and the concomitant inhibition of glucose uptake 382 (43). Monitoring metabolite levels both at the entrance and exit of glycolysis, probably allows 383 the cell to coordinate more precisely the co-utilisation of different substrates as opposed to a 384 response to a single downstream metabolite. repressor SugR is a global regulator in C. glutamicum for the transcriptional control of genes 410 for sugar uptake and their metabolization via glycolysis (33, 34, 53, 54) . SugR binding sites 411 are located within the promoter regions of genes for PTS components e.g. within the promoter 412 of ptsS (55). Fructose-1-P has been identified as a potential effector of SugR, triggering in 413 vitro the release of SugR from its target promoters (34). Fructose-1-P is formed in C. 414 glutamicum in the course of sucrose metabolization exclusively via the ptsF-encoded, fructose 415 specific PTS-permease EII Fru , which is required for the re-uptake and concomitant 416 phosphorylation of the fructose formed by ScrB (12, 32, 56) (Fig. 1) . Based on this metabolic 417 pathway for sucrose utilization a rapid inhibition of sucrose uptake upon addition of glucose 418 will limit formation of fructose-1-P via EII Fru , as less fructose is intracellularly formed by 419
ScrB from sucrose-6-P and exported. Thus, in an inducer exclusion-like manner, the fast 420 inhibition of sucrose uptake by glucose addition might lead to decreased levels of the SugR 421 effector molecule fructose-1-P, which probably explains the SugR-dependent repression of 422 ptsS observed upon prolonged incubation of C. glutamicum Δpgi in presence of sucrose plus 423 glucose. 424
The initial inhibition of EII Suc by EII Glc in response to accumulation of the intermediate G6P, 425 is probably a first insight into the complex architecture of regulatory mechanisms underlying 426 the ability of C. glutamcium to adapt substrate uptake perfectly to its needs, a typical trait of 427 this bacterium (14). This leads to the question of whether the described EII Glc -dependent rapid 428 uptake inhibition is a general feedback response mechanism to accumulation of G6P in C. 
MATERIALS AND METHODS 445 446
Bacterial strains, media and culture conditions. Bacteria and plasmids used in this study 447 are listed in Table 1 . E. coli and all pre-cultures of C. glutamicum were grown aerobically in 448 TY complex medium (58) at 37 °C and 30 °C, respectively, as 50-ml cultures in 500-ml 449 baffled Erlenmeyer flasks on a rotary shaker at 120 rpm. For the main cultures of C. 450 glutamicum, cells of an overnight pre-culture were washed twice with 0.9% (w/v) NaCl and 451 then inoculated into CGC minimal medium (59) containing the carbon sources as indicated in 452 the results section. When appropriate, kanamycin (50 µg ml -1 ) and/or isopropyl-β-D-453 thiogalactopyranoside (IPTG, 250 µM) were added to the media. Growth of E. coli and of C. 454 glutamicum was followed by measuring the optical density at 600 nm (OD 600 ) in an Ultrospec 455 2000 spectrophotometer (GE Healthcare). 456 457 DNA isolation, transfer and manipulations. Standard procedures were employed for 458 plasmid isolation, cloning, and transformation of E. coli DH5, as well as for electrophoresis 459 (58). C. glutamicum chromosomal DNA was isolated according to (60). Transformation of C. 460 glutamicum was performed by electroporation using the methods of (61), the recombinant 461 strains were selected on LB-BHIS agar plates containing kanamycin (25 µg ml -1 ). 462
Electroporation of E. coli was performed according to the method of (62). All enzymes used 463 were obtained from New England Biolabs and used according to the instructions of the 464 manufacturer. PCR experiments were performed in a TProfessional thermocycler (Biometra). 465
Desoxynucleoside triphosphates were obtained from Bio-Budget, oligonucleotides (primers) 466 from Eurofins MWG Operon. Cycling times and temperatures were chosen according to 467 fragment length and primer constitution. PCR products were separated on agarose gels and 468 purified using the Nucleospin extract II kit (Macherey& Nagel). 469 470 Construction of expression vectors. For IPTG-inducible overexpression vector pEKEx2 was 471 used. Genes were amplified via PCR from genomic DNA of C. glutamicum ATCC 13032 472 using the oligonucleotide primers listed in Table S1 . The resulting PCR products were 473 introduced into the cloning vector pJET1.2 (MBI Fermentas) according to the manufacturer´s 474 instructions. Primer-attached restriction sites of the PCR products (indicated in Table S1 ) 475 were used to excise the inserts, the resulting fragments were ligated into the plasmid pEKEx2 476 (digested with appropriate enzymes) and transformed into E. coli DH5α. The resulting 477 plasmids were isolated and the nucleotide sequences controlled by sequencing (GATC 478 Biotech) . 479
480
Construction of the deletion mutants. The in-frame deletion of ptsS in C. glutamicum was 481 performed via a two-step homologous recombination procedure as described previously 482 (Niebisch and Bott, 2001) . In detail, the flanking up-and downstream regions of ptsS were 483 amplified using primer pairs ptsS_A and ptsS_B and ptsS_C and ptsS_D and the product of 484 the following crossover PCR was cloned as a BamHI-XbaI cut fragment into the 485 pK19mobsacB vector (Schäfer et al., 1994) . Transfer of the resulting plasmid, pK19mobsacB-486 ptsS, into C. glutamicum by electroporation and screening for the correct mutants was 487 performed as described previously for the deletion of ptsG (11). The deletion of ptsS was 488 verified using the primers ptsS_chkA and ptsS_chkB, resulting in 3926 bp fragment for the 489 WT and a 1966 bp fragment for the deletion mutant. The in-frame deletion of ptsG in C. 490
glutamicum Δpgi was performed as described previously using plasmid pK19mobsacB-ptsG 491 (11), and verified by PCR using the primers ptsG_chkA and ptsG_chkB. In-frame deletion of 492 pgi in C. glutamicum ΔsugR was performed as described previously using the plasmid 493 pK19mobsacBΔpgi and verified by PCR using the primers pgi_chkA and pgi_chkB, as 494 recently described (Lindner et al., 2013) . when G6P was used as a carbon source, the same method was used, however, by measuring 510 the supernatants instead of cell extracts obtained after the silicon oil centrifugation. 511 512 Chloramphenicol acetyl-CoA transferase (CAT) assay. To study ptsS promoter activity a 513 transcriptional fusion of the ptsS promoter to the promoterless cat gene within the reporter 514 plasmid pET2 was constructed. Therefore, the ptsS promoter fragment was amplified by PCR 515 using primers PRptsS-for and PRptsS-rev (Table 3) , the resulting 322 bp PCR product 516 (covering the region 78 bp upstream to 243 bp downstream of the ptsS transcriptional start 517 codon) was cloned into the multiple cloning site in front of the cat gene in pET2 using 518 restriction sites indicated in Table 3 resulting in pET2-PRptsS. To determine CAT activity, C. 519 glutamicum cells were harvested during the exponential growth phase, washed twice in 0.1 M 520
Tris/HCl, pH 7.8, and resuspended in the same buffer containing 10 mM MgCl 2 and 1 mM 521 EDTA. The specific CAT activity was determined as described by Schreiner et al. (64) . 522
Protein concentrations were determined using the Roti-Nanoquant kit (Roth) with bovine 523 serum albumin as the standard. 524 RNA techniques. Isolation of total RNA from C. glutamicum cells was performed using the 525 Nucleospin® RNAII kit (Macherey& Nagel) as described by (65). For Northern (RNA) 526 hybridisation, digoxigenin (DIG)-11-dUTP-labeled gene specific antisense RNA probes were 527 prepared from PCR products (generated with oligonucleotides listed in Table S1 ) carrying the 528 T7 promoter by in vitro transcription (1h, 37° C) using T7 RNA polymerase (MBI 529 Fermentas). Slot blot experiments, detection, and signal quantification were performed as 530 described previously (31, 66) . 531 532 Uptake studies. Sugar uptake studies were performed essentially as recently described for the 533 uptake of maltose (11). In detail, C. glutamicum cells were grown in the media indicated in 534 the text to mid-exponential growth phase, harvested by centrifugation, washed three times 535 with ice cold CgC medium, suspended to an OD 600 of 2 with CgC-medium, and stored on ice 536 until the measurement. Before the transport assay, cells were tempered for 3 min at 30 °C; the 537 reaction was started by addition of 14 C (U) radioactively labelled maltose, glucose-6-P or 538 sucrose (American Radiolabeled Chemicals Inc, Saint Louis, USA). At given time intervals 539 (resolution of 15 sec), 200 µl samples were filtered through glass fibre filters (Typ F; 540 Millipore) and washed twice with 2.5 ml of 100 mM LiCl. Radioactivity of the samples was 541 determined using scintillation fluid (Rotiszinth; Roth) and a scintillation counter (LS 6500; 542 Beckmann). 543
If not indicated otherwise, the substances tested as inhibitors in the rapid uptake studies were 544 added to the setup 45 sec or 60 sec (indicated in figure legends) after the measurement was 545 started by addition of the 14 C-labelled substrate and the potential inhibitors were used in at 546 least 10-fold excess compared to the concentration of the labelled substrate (concentrations 547 are provided in the figure legends). For transport experiments performed in absence of 548 transcriptional or translational regulatory processes the cells were treated before the addition 549 of the labelled substrate with rifampicin or chloramphenicol, respectively, as described by 550 (67, 68) . 551
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